Adult urodeles (salamanders) are unique in their ability to regenerate complex organs perfectly. The recently developed Accessory Limb Model (ALM) in the axolotl provides an opportunity to identify and characterize the essential signaling events that control the early steps in limb regeneration. The ALM demonstrates that limb regeneration progresses in a stepwise fashion that is dependent on signals from the wound epidermis, nerves and dermal fibroblasts from opposite sides of the limb. When all the signals are present, a limb is formed de novo. The ALM thus provides an opportunity to identify and characterize the signaling pathways that control blastema morphogenesis and limb regeneration. In the present study, we have utilized the ALM to identity the buttonhead-like zinc-finger transcription factor, Sp9, as being involved in the formation of the regeneration epithelium. Sp9 expression is induced in basal keratinocytes of the apical blastema epithelium in a pattern that is comparable to its expression in developing limb buds, and it thus is an important marker for dedifferentiation of the epidermis. Induction of Sp9 expression is nerve-dependent, and we have identified KGF as an endogenous nerve factor that induces expression of Sp9 in the regeneration epithelium.
Introduction
Urodele amphibians are unique among adult vertebrates in their ability to regenerate many of their body parts, including their limbs. Among the tissues and organs that can regenerate, the limb has been most extensively studied, allowing for much of our current understanding of the mechanisms regulating tissue and organ regeneration in adult tetrapods. Successful limb regeneration progresses through a series of steps, beginning with wound healing, followed by formation of a regeneration blastema, and leading to a redevelopment phase that is a recapitulation of the events that occurred during embryonic development (Bryant et al., 2002; Endo et al., 2004; Gardiner et al., 1999) . Although the later phase of limb regeneration appears to be equivalent to limb development, the early phase, resulting in the genesis of the blastema, is unique to regeneration. It is this early phase that needs to be understood in order to develop therapies to enhance regenerative processes in animals, including humans, which do not normally regenerate.
In order to identify the signaling pathways that regulate the early phase of regeneration, we developed the Accessory Limb Model (ALM) for limb regeneration (Endo et al., 2004; Satoh et al., 2007) . This model is based on the ability to induce the formation of ectopic limbs from wounds made on the side of the arm, and to identify the signals that induce each of the progressive steps of de novo limb formation. It therefore is a positive assay to identify the steps that lead from wound healing to blastema formation and eventually to limb regeneration. Because the surgery to induce ectopic limbs causes minimal tissue damage, in contrast to amputating a limb, it is possible to focus on the behavior of cells from specific tissues in response to signals that are essential for regeneration. To date, studies utilizing the ALM have identified nerves, keratinocytes of the regeneration epithelium, and connective tissue fibroblasts as necessary and sufficient for limb regeneration (Endo et al., 2004; Satoh et al., 2007) . It is the interaction between these cells that regulates the steps of the early phase of regeneration leading to the formation of a regeneration blastema from the mature stump tissues via the process referred to as dedifferentiation.
In spite of the essential role of dedifferentiation in salamander limb regeneration, we know little about this phenomenon at the level of cellular and molecular mechanisms. In the absence of a mechanistic definition, dedifferentiation has been defined operationally as the process by which a blastema is formed from progenitor cells present in the mature limb prior to amputation. The cells of the blastema are characterized by their similarity to embryonic cells in terms of being undifferentiated and re-expressing genes that functioned during limb development in the embryo or larva. Therefore, dedifferentiation is also defined as the process whereby cells in the mature, uninjured tissues are induced by injury to re-acquire embryonic-like developmental potential and to re-express embryonic genes (Han et al., 2005) . As a result, dedifferentiation refers collectively to the sequence of events leading to formation of the regeneration-competent epithelium, and to the mobilization of connective tissue fibroblasts. The fibroblasts that response to the regeneration-inducing signals cease their function in the uninjured connective tissue (matrix synthesis), and degrade the matrix in order to migrate to the wound/amputation site where they interact with other fibroblast-derived cells, the nerve and the wound epithelium to form the blastema. Therefore, dedifferentiation is the early phase of regeneration leading to formation of the blastema that functions like the limb bud in the embryo to re-develop the lost limb structures.
The challenge to developing a mechanistic definition of dedifferentiation lies in dealing with the heterogeneity of cell types present in the limb that respond to injury. For example, tissue histolysis and necrosis are extensive in amputated limbs; however, studies of ectopic limb induction make it clear that they are extraneous events, and not required to make a new limb (Endo et al., 2004) . Similarly, when the limb is amputated myofibers are injured and their nerve supply is severed, which causes then to disintegrate within the stump (Cameron et al., 1986) . As in mammals, newt myogenic stem cells (post-satellite cells) are released, and begin to proliferate and fuse to regenerate the muscle within the connective tissue scaffolding of the original myofiber (Cameron et al., 1986; Morrison et al., 2006) . Thus injury to the muscle is important for stimulating muscle regeneration, but the participation of regenerating muscle is not required for the regeneration of limbs with normal anatomical pattern (Holder, 1989; Lheureux, 1983) . In addition, when ectopic limbs are induced in the ALM, myoprogenitor cells are recruited to form a normal muscle pattern, in spite of the fact that no damage was done to the underlying muscle (Endo et al., 2004) . Thus the preexisting muscle in the amputated limb is a source of myogenic cells for the regenerating limb (Tanaka, 2003) , but does not appear to be a source of signaling that regulates dedifferentiation of cells from other tissues.
Cells within the connective tissue of the limb are the source of the signals that regulate regeneration (Endo et al., 2004; Gardiner et al., 1986; Muneoka and Bryant, 1984; Rollman-Dinsmore and Bryant, 1982) . Within the tissues of the amputated limb stump, it is the connective tissue fibroblasts that give rise to the mesenchymal cells of the early blastema (Muneoka and Bryant, 1984) , and regulate growth and pattern formation during limb regeneration (Bryant et al., 2002) . Even though the connective tissue, particularly the dermis, is known to be the source of the early blastema cells, research has been limited by the inability to identify subpopulations of dermal cells that have this critical function during limb regeneration. Consequently, these cells have been collective referred to as fibroblasts, when in reality this is a heterogeneous population of cells.
In contrast to other tissues of the limb, the epidermis is a homogenous population of progenitor cells (keratinocytes) that contribute to formation of the blastema. These cells are the first to respond to injury by migrating and dedifferentiating in order to give rise to the cells of the regeneration epithelium (Han et al., 2005) . It therefore is possible to study the function of regeneration signals in an identifiable cell type (keratinocytes) in a single tissue (the regeneration epithelium) that is critical for successful limb regeneration. The importance of the regeneration epithelium has long been recognized (Tassava and Garling, 1979; Thornton, 1957 Thornton, , 1960 , even though our understanding of the mechanism by which it forms and functions is limited. When this epithelium initially forms, it is referred to as the wound epithelium (WE), and after a period of time it is considered to have developed into an epithelium that is specialized for supporting blastema outgrowth (the AEC, apical epithelial cap).
Along with the regeneration epithelium, nerves are required for regeneration (Brockes, 1984) ; however, the extent that these two tissues are functionally interdependent is unclear. Loss of nerve signaling (denervation) and loss of WE/AEC function (e.g. surgical removal or the grafting of mature skin to inhibit WE/AEC formation) result in the same phenotype, regenerative failure. At the molecular level, expression of the AEC-specific gene, Dlx-3 is dependent on nerve signaling (Mullen et al., 1996) . Denervation results in the loss of Dlx-3 expression in the AEC and regenerative failure, both of which are rescued by exogenous treatment with FGF2 (Mullen et al., 1996) . We therefore consider it likely that the function of nerves and the regeneration epithelium are coordinately regulated in limb regeneration, and specifically that the WE/AEC are targets of the nerveassociated signaling pathway required for regeneration. By this view, the regeneration epithelium then provides signaling that allows for the fibroblast-fibroblast interactions that control blastema growth and pattern formation. The ALM provides the opportunity to investigate the interactions between the nerve and the regeneration epithelium, and to test the hypothesis that the function of the nerve in regeneration is mediated by the WE/AEC.
In this study we investigated the role of nerves in the dedifferentiation of keratinocytes to form the regeneration epithelium (WE/ AEC). We isolated the axolotl ortholog of Sp9, which is expressed in the apical ectoderm of developing limb buds, and regulates the outgrowth of the developing limb (Kawakami et al., 2004) . During limb development, Sp9, along with the closely related Sp8, functions downstream of Fgf-10 to regulate the expression of Fgf-8, which is required for the progression of limb development (Bell et al., 2003; Kawakami et al., 2004; Treichel et al., 2003) . We found that Sp9 was expressed in the comparable functional domain (the apical epithelium) in both developing and regenerating axolotl limbs. In contrast to MMP-9, which was expressed in all wounds (Satoh et al., 2007) , Sp9 expression was nerve-dependent and restricted to the epithelium of wounds that were fated to form a regeneration blastema. We therefore have identified two early wound-healing pathways that share a common, nerve-independent initiation step identified by the induced expression of MMP-9. One pathway is nerve-independent, does not involved Sp9 expression, and leads to healing of the wound and regeneration of the skin. In contrast, there is a divergent limb regeneration pathway that is nerve-dependent and involves dedifferentiation of keratinocytes as evidenced by expression of the embryonic gene, Sp9. Having identified the Sp9 pathway as a target of nerve signaling, we were able to identity a nerve associated growth factor (FGF7/KGF) that induces Sp9 expression in vivo. We propose that there is a direct interaction between the nerve and the regeneration epithelium that induces keratinocyte dedifferentiation that is critical to successful limb regeneration.
Materials and methods

Animals
Experiments were performed on axolotls (Ambystoma mexicanum) spawned at the University of California, Irvine or the Ambystoma Genetic Stock Center, University of Kentucky. For isolation of RNA, blastemas were generated on animals measuring 10-15 cm, from snout to tail tip. To initiate regeneration, we anesthetized animals in a 0.1% solution of MS222 (Ethyl 3-aminobenzoate methanesulfonate salt, Sigma) and amputated limbs at proximal (mid-humerus) or distal (mid-radius/ulna) levels. The bone was trimmed, so as not to protrude from the amputation surface. Limbs were denervated by transection of the third, fourth and fifth brachial nerves.
Cloning and RT-PCR
We used RT-PCR with degenerate primers to isolate partial clones for the axolotl orthologs of Sp9 and Kgf. The axolotl ortholog of MMP-9 had been cloned previously (Yang et al., 1999) . Total RNA was prepared using the RNeasy Kit (Qiagen) from stages of limb regeneration (early bud to palette stage blastema). We used (dT)12-16 as a primer to reverse transcribe cDNA from total RNA (500 ng) with Superscript III (Invitrogen) according to the manufacture's protocol. The reaction mixtures were diluted three-fold with TE, and used as template for PCR. The PCR reactions were performed using rTaq (Takara) with the following conditions: 98°C for 2 min; followed by 32 cycles of 98°C for 15 s, 50-62°C for 15-45 s, 72°C for 1 min); and 72°C for 2 min. Primers were as follows:
Sp9 forward primer 5′-GCSACMTGYGACTGYCCSAACTG-3′ Sp9 reverse primer 5′-CGNTRTGNGTYTTRAYGTGYTT-3′ Kgf forward primer 5′-GCYTGCAATGACATGASTCC-3′ Kgf reverse primer 5′-CCNYTRTKTGTCCAYTTWGC-3′
The PCR reaction products were purified by gel electrophoresis, cloned into the TOPO pCR2 cloning vector (Invitrogen) using the manufacture's protocol, and sequenced by MCLAB (Molecular Cloning Laboratories, San Francisco). For RT-PCR analysis of Sp9 gene expression, we used the primers as follows:
Sp9 forward primer 5′-CCTGCGCAGGAAGGGGCTCC-3′ Sp9 reverse primer 5′-AAGCGCTTGTTGCAGACGGG-3′ Ef-1α primers were reported previously (Satoh et al., 2007) .
In situ hybridization and immunohistochemistry to sectioned tissues For probe synthesis, Sp9, MMP-9 and Kgf templates were amplified by PCR with exTaq (Takara) using primers to M13 sequence flanking the cloned axolotl sequences in the TOPO pCR2 vectors. PCR fragments were purified and used as a probe template. Probe synthesis was performed with T3 (Sp9 and MMP-9) or T7 (Kgf) RNA polymerase for 4 h. The procedures for in situ hybridization to tissue sections were based on those recently published in detail (Satoh et al., 2007) .
Immunohistochemistry was performed as described in Satoh et al. (2007) using anti-acetylated tubulin (1:400, Sigma) and anti-Green fluorescent protein (1:400, Invitrogen). Bright field images of sections were captured using a modified phasecontrast technique in which we positioned the phase ring of the condenser half-way between bright-field and phase-contrast. This technique provides for enhanced contrast without the loss of sub-cellular detail associated with classic phase contrast, and produces images that appear similar to DIC.
Grafting and nerve-deviation
Surgical procedures for the creation of lateral wounds and ectopic blastemas were described in detail previously (Endo et al., 2004) . Briefly, wounds were created by removing a square of skin (1.0-1.5 mm on a side) from the mid-upper arm, making sure that the underlying muscle was not damaged. An ectopic blastema was induced by surgically deviating the brachial nerve beneath the skin to bring the cut end of the nerve to the center of the skin wound. For full-thickness skin transplantation (epidermis plus dermis), we removed the graft skin from a GFP donor animal using micro-scissors, and placed it into the host site that previously had the skin removed as described above. After grafting, we placed the animal on the bench top for 30 min in order to allow the graft to adhere, after which time the animal was returned to 40% Holtfreter's solution.
To test the ability of KGF and FGF2 to induce expression of Sp9, we implanted beads that had been soaked in these growth factors into lateral limb wounds that were made surgically as described above. Heparin-agarose beads (300-400 μm in diameter) were soaked for 24 h at 4°C in either KFG or FGF2 (200 ng/μl) for experimental beads, or PBS or BSA for control beads. Beads were implanted beneath the healed wound epidermis 24 h after the surgery to make the lateral wound.
Results
In order to distinguish between events that are common to both wound healing and regeneration, in contrast to those that are unique to regeneration, we investigated the expression of two marker genes (MMP-9 and Sp9) that are expressed in the early wound epidermis. In order to identify the signals that differentially regulate these two genes, we utilized the Accessory Limb Model for limb regeneration (Endo et al., 2004; Satoh et al., 2007) . We investigated the early events of axolotl wound closure that were nerve-independent as compared to those that were induced in response to nerve-deviation that induced blastema morphogenesis (Fig. 1) . In order to control for variability between individual animals, we made a wound on the upper arm to which we deviated a nerve ( Fig. 1, " nerve") and a second wound on the lower arm without a deviated nerve (Fig. 1 , "wound"). The dermis was thicker and more tightly adherent to the Fig. 1 . Characterization of early wound healing in regenerating (nerve-deviated) and non-regenerating wounds (no nerve deviation) in the axolotl (Ambystoma mexicanum). Wounds on the side of the arm were induced to form a blastema by deviating a nerve (nerve) or were not induced such that they healed without forming a blastema (wound). The morphology of the time course of epithelial migration was analyzed at 1 h (A and B), 3 h (C and D) and 8 h (E) after injury. The migrating epithelium in panel A is illustrated at higher magnification (left edge in panel A1). The delaminated right edge of the migrating epithelium in B is illustrated at higher magnification (B1). Migration of the epithelium had progressed by 3 h (C and D, and higher magnification of panel D in D1), and was completed by 8 h (E). Expression of MMP-9 is illustrated at higher magnification at 1 h (F, boxed region in panel A), 3 h (G, boxed region in panel C), and 8 h (H, boxed region in panel E). The high level of MMP-9 expression in association with the deviated nerve (H) was observed throughout the entire wound epithelium. The sections are stained with hematoxylin, eosin and alcian blue. The loose connective tissue of the dermis (stratum spongiosum) appears pale blue, and the basement membrane (immediately adjacent to the basal surface of the epidermis) and the much thicker dense collagenous layer of the dermis (stratum compactum) appear dark pink. The dermis and the stratum compactum of the skin in the upper arm where wounds with a deviated nerve were made (A, A1, C, and E) are thicker than in the lower arm where wounds without a deviated nerve were made (B, B1, D, and D1). At the lower magnification (A-E), the scale bar in E is 500 μm.
underlying muscle in the upper arm as compared to the lower arm, as is evident in Fig. 1 (A, C, and E in the upper arm compared to B and D in the lower arm). Typically, a portion of the dermis in the upper arm wounds remained adherent to the underlying muscle (e.g. Fig.  1A ). In both wounds, the injury was restricted to the full-thickness skin (epidermis plus dermis), and no damage was done to the underlying muscle tissue.
We observed that the basal keratinocytes detached rapidly from the basement membrane and underlying dermis, and that the epidermis began to close over the wound surface within 1 h after wounding (Figs. 1A and B) . Within the next few hours, the epidermal sheet had migrated further toward the center of the wound (Figs. 1C and D) , and the wound (1.5 mm × 2 mm square) was completely closed within 6 to 8 h post-injury (Fig. 1E) , as reported previously (Carlson et al., 1998) . The rate of wound closure in the axolotl is strikingly different than in mammals in which it takes several days rather than hours to close a comparable sized wound.
We identified two molecular markers that are expressed in the early regeneration epidermis of the axolotl. We had previously cloned the axolotl ortholog of MMP-9, and reported that it was one of the earliest expressed genes during wound healing and regeneration (Carlson et al., 1998; Satoh et al., 2007) . In the present study, we cloned the axolotl ortholog of the buttonhead-like zincfinger transcription factor, Sp9, which had previously been reported to regulate the function of the apical epidermis during limb develop in other vertebrate species (Kawakami et al., 2004) . We cloned the highly conserved btd domain and Zn finger domain (Genbank Accession # EU556705), and identified the axolotl clone as the ortholog of Sp9 based on the presence of a highly conserved and diagnostic isoleucine in the Zn finger domain (Kawakami et al., 2004) . We discovered that in contrast to MMP-9, Sp9 was only expressed in keratinocytes of the regeneration epithelium that was formed in response to signals from the nerve that are required for fibroblast dedifferentiation and blastema morphogenesis (Bryant et al., 2002) .
MMP-9 is an early, nerve-independent marker of the regeneration epidermis
As reported previously, MMP-9 expression was induced rapidly in all wounds whether or not a nerve had been deviated to the injury site in order to induce formation of a blastema (Carlson et al., 1998; Satoh et al., 2007) . Having recently optimized the detection of MMP-9 expression by in situ hybridization to tissue sections, we were able to detect weak expression 1 h post-wounding in some of the delaminated and migrating epithelial cells (Fig. 1F ). MMP-9 expression was detected at much higher levels in all the basal cells of the migrating epithelium at 3 h post-wounding, and a weak signal was observed in the suprabasal cells (Fig. 1G ). After the epithelium had completely closed the wound (8 h post-wounding), MMP-9 expression was observed at the maximal level though out all the cells of the multilayered epithelium that covered the wound (Fig. 1H) . The spatial and temporal patterns of MMP-9 expression during re-epithelialization of the wound were the same whether or not a nerve had been deviated to the wound site. After reepithelialization, MMP-9 expression was down-regulated in wounds without a deviated nerve, and was no longer detected 24 h after injury; whereas, wounds with a deviated nerve continued to express MMP-9 at high levels 24 h after injury (Satoh et al., 2007; see below) .
Sp9 is a marker for the apical epidermis of developing axolotl limb buds
In order to better understand how the outgrowth-permissive regeneration epithelium is formed, we cloned the axolotl ortholog of the buttonhead-like zinc-finger transcription factor, Sp9, which had previously been reported to regulate the function of the apical epidermis during limb develop in other vertebrate species (Kawakami et al., 2004) . Sp9 expression in the chick, mouse and zebrafish is restricted the AEC, an apical band of epithelial cells that is required for outgrowth of the developing limb bud. Expression of Sp9 is thus a validated marker for AEC function, and we considered it likely to have a conserved function in the axolotl in which it would be critical for limb bud development. We cloned 350 bp of cDNA that was identical at the conceptual amino acid level to the corresponding region of Sp9 from the human, mouse, chick and zebrafish (Genbank Accession #EU556705).
Axolotl Sp9 was expressed in the apical epidermis in the comparable functional domain as reported in developing limb buds of other tetrapods (the apical ectodermal ridge, AER). In the chick, mouse and zebrafish the AER is a thin band of cells extending from anterior to posterior along the distal margin of the limb bud. In contrast, the entire apical region of the developing axolotl limb bud (as well as in other amphibians) functions to support limb outgrowth and development. Consistent with the expanded functional domain of the apical epidermis, the expression of Sp9 in the axolotl is also expanded to encompass the entire apical region of the limb bud (Fig. 2) . Sp9 is expressed at high levels in the basal keratinocytes of the apical epidermis at all stages of limb development (Figs. 2A-E). At earlier stages, the apical epidermis accounts for much of the limb bud ectoderm, and thus Sp9 is expressed in essentially all the limb bud ectodermal cells. However, as the limb elongates, the apical epidermis is displaced distally and accounts for a progressively more distally-restricted population of keratinocytes. Thus at later stages, Sp9 expression is downregulated in the more proximal regions (Figs. 2C-E). Sp9 expression was not detected at the end of limb bud development (data not shown). Sp9 is an early, nerve-dependent marker of the regeneration epidermis Sp9 also was expressed in the specialized epithelium that is required for axolotl limb regeneration. This apical epithelium is functionally equivalent to the AER of amniote limb buds and the apical epidermis of amphibian limb buds, and is referred to as the AEC (apical epithelial cap) (Christensen and Tassava, 2000) . During the first few days following re-epithelialization, the wound epidermis (WE) thickens to form a multi-layered ectoderm that is then referred to as the AEC (Christensen and Tassava, 2000) . Sp9 expression was first detected within 24 h of limb amputation (not illustrated, see below for induced expression in ectopic blastemas), and was expressed continuously throughout the blastema stages of regeneration (Fig. 3) . Sp9 was expressed at the highest level in the basal keratinocytes of the regeneration epithelium (WE and AEC collectively), and at lower levels in the suprabasal cells (Figs. 3A-F) . During the later blastema stages of regeneration, Sp9 expression decreased (e.g. pallet stage, Figs. 3G-H), and expression was not detected in differentiated limbs at the end of regeneration (not illustrated). During all stages of regeneration from epithelial healing to the late blastema stages prior to redifferentiation of the mature limb structures, the regeneration epithelium did not appear differentiated morphologically (e.g. no epithelial derivatives such as mucous glands or dermal glands), and it expressed Sp9, which is a marker for the undifferentiated ectoderm of the limb bud.
We utilized the Accessory Limb Model (ALM) to induce ectopic blastemas in order to investigate the signals that regulate expression of Sp9 in the regeneration epithelium. Sp9 expression was induced at low levels within 24 h in response to injury, but only when a nerve had been deviate to the wound site (Figs. 4A and A′). In contrast, Sp9 expression was not induced in the wound epidermis that was formed in the absence of a deviated nerve (Fig. 4B) . Sp9 expression was induced in both basal and suprabasal keratinocytes in proximity to the severed end of the deviated nerve (arrowheads in Figs. 4A and A′), but not in keratinocytes toward the periphery of the wound epidermis (arrows in Fig. 4A ), or in the epidermis of the uninjured skin. Thus the response to the nerve-associated signal(s) that induced Sp9 expression was spatially localized, implying that the range of the signal was limited and that the signal targeted the wound epidermis directly (see below). A comparable pattern of Sp9 expression was also observed at 48 h post-injury and nerve deviation (not illustrated). When we severed the deviated nerve after surgery, Sp9 expression was not induced in the wound epidermis (data not shown), demonstrating that intact nerves were the source of the Sp9-inducing signal(s).
Three days after wounding and nerve-deviation, Sp9 expression had become more localized to the basal keratinocytes of the regeneration epithelium (Figs. 4D and D′) , and thus was comparable to the pattern observed throughout all the subsequent blastema stages of regeneration, as described above. As observed at earlier time Fig. 4 . Comparison of the patterns of Sp9 and MMP-9 gene expression in regenerating and non-regenerating wounds. Wounds were induced to form a blastema by a deviated nerve graft (A, C, D, and F), or they were not and thus healed without forming a blastema (B and E). Sp9 expression was induced within 24 h in association with the deviated nerve (N) in regenerating wounds A, higher magnification in panel A′). The level of Sp9 expression was more localized to the basal keratinocytes of the regeneration epithelium by three days (D, higher magnification in panel D′). Sp9 expression was not induced in non-regenerating wounds (B and E). MMP-9 was expressed at 24 h in the epithelium covering the wound whether or not a nerve (N) was deviated (C, higher magnification in panel C′). Low level MMP-9 expression was still detected after three days in the regeneration epithelium (F, higher magnification in panel F′), but was not detected in non-regenerating epithelia at 24 h or at later time points (not illustrated). Arrows indicate the edge of the wound margin, and arrowheads indicate the extent of Sp9 expression in the regeneration epithelium. Scale bar in panels A, B, D, and E = 500 μm. Scale bar in panels A′, C′, D′, and F′ = 200 μm. Scale bar in panels C and F = 400 μm.
points, Sp9 expression was not induced in the epidermis 72 h after injury without a deviated nerve (Fig. 4E) . Therefore the induction of Sp9 expression was nerve-dependent, and Sp9 was a marker for the transition between the early wound epidermis and the AEC that was largely complete within three days after wounding. In addition, since Sp9 expression was only induced in wounds that will form a blastema, Sp9 is an additional marker for the induction of limb regeneration, and along with other regeneration-specific markers further validates the Accessory Limb Model as a model for amputation-induced limb regeneration (Satoh et al., 2007) .
It appears that MMP-9 and Sp9 were coordinately down-regulated and up-regulated respectively in basal keratinocytes during the transition from the wound epithelium to the AEC. We directly compared the expression of these two regeneration-marker genes by in situ hybridization to adjacent tissue sections from wounds that had been induced to form a blastema by a deviated nerve. As reported Fig. 5 . Innervation of the epithelium of regenerating wounds, non-regenerating wounds, and uninjured skin. Nerve fibers growing from the severed end of a deviated nerve extensively innervated the epithelium after five days of regeneration (A and B), in contrast to the sparsely innervated epithelium of non-regenerating wounds (E and F; no deviated nerve), or of the uninjured skin (G and H). Fibers grew out of the end of deviated nerve, but not out of more proximal regions that remained intact after surgery (C and D). Images are either the immunofluorescent localization of tubulin (B, D, F, and H) or the corresponding phase-contrast image (A, C, E, and G). Scale bar = 200 μm.
previously, MMP-9 expression was down-regulated rapidly in wounds without a deviated nerve, and was no longer detected 24 h after injury (Satoh et al., 2007) . In contrast, wounds with a deviated nerve continued to express MMP-9 at high levels 24 h after injury (Satoh et al., 2007;  Fig. 4C ), as well as after 48 h (not illustrated). By three days post-injury, MMP-9 expression was barely detectable (Satoh et al., 2007;  Fig. 4F ), and not detected in association with the WE/AEC after that time point in regeneration (not illustrated). Thus the reciprocal expression dynamics of MMP-9 and Sp9 during the initial three days of regeneration characterized the transition between the early wound epithelium and the AEC, and indicated that this transition is largely complete after three days. By the third day of regeneration, Sp9 expression was consistently localized to the basal keratinocytes of the AEC, and MMP-9 was no longer expressed in the regeneration epithelium. Thus, as discussed below, the regeneration epithelium apparently acquires the functional state that is equivalent to that of the limb bud apical epidermis very early during the cascade of regeneration events.
The regeneration epithelium appears to be a direct target of nerve-dependent signaling Because Sp9 expression was induced initially only in the keratinocytes adjacent to the end of the deviated nerve (Fig. 4) , we inferred that the regeneration epidermis was the direct target of signals from the nerve. To further investigate this possibility, we examined whether or not fibers from the deviated nerve had grown into and innervated the newly formed epithelium (Fig. 5) . We did not observe branching and outgrowth of fibers along most of the length of the deviated nerve (Figs. 5C and D) . However, at the severed end of the nerve, there was extensive branching and growth of fibers into the overlying epithelium (Figs. 5A and B) . The extent of innervation of the regeneration epithelium was strikingly different from what was observed in the non-regeneration epithelium of wounds without a deviated nerve (Figs. 5E and F) . Although subcutaneous nerves were present, few if any grew into the overlying epidermis. This low level of innervation of the non-regeneration epidermis was similar to what was observed in uninjured skin (Figs. 5G and H) . Thus the nerveinduced regeneration epithelium was hyper-innervated during regeneration, and the extensive supply of nerves was markedly reduced at the end of regeneration to the low levels in the mature skin.
We examined whether or not dermal cells from the edge of the wound had also migrated toward the nerve coincident with the migration of keratinocytes and the induction of Sp9 expression. We previously had demonstrated that cells from the dermis surrounding the wound (collectively referred to as fibroblasts) eventually migrate into the center of the wound to give rise to the early blastema mesenchymal cells (Endo et al., 2004; Gardiner et al., 1986; Muneoka and Bryant, 1984) , and it therefore was possible that the Sp9-inducing activity of the nerve was mediated by interactions with dermal fibroblasts rather than with the keratinocytes of the wound epithelium directly. Fig. 6 . In vivo observation of the migration of the epidermis relative to the underlying dermis of a skin graft from a GFP donor to a non-GFP host. Initially both tissues were colocalized at the site of the graft (A, B, and E). After three days of regeneration, the sheet of keratinocytes had migrated toward the center of the wound (C, D, and F) in contrast to the dermal cells that remained at the site of the graft (outlined region in panel F). Panels E and F are higher magnification views of panels B and D respectively. The limbs are imaged under bright field (A and C) or fluorescent (B, D, E, and F) optics. Scale bar = 2 mm.
The keratinocytes at the wound margin migrated to cover the wound independently of the underlying dermal cells, and migration of dermal cells did not occur until after the transition from the wound epithelium to the AEC had occurred after day three of regeneration ( Figs. 6 and 7) . We analyzed the migration of keratinocytes and dermal cells into the wound by grafting a piece of posterior skin (epidermis plus dermis) from a GFP-transgenic donor animal into an anterior wound with a deviated nerve on a non-GFP host (Fig. 6) . This combination of a posterior-to-anterior skin graft with a deviated nerve induces the formation of an accessory limb at a high frequency (Endo et al., 2004; Satoh et al., 2007) . We observed the onset of migration of GFP peripheral keratinocytes within 3 h after grafting (data not shown), and labeled keratinocytes had migrated to the center of the wound within 8 h after grafting. The timing of migration of the grafted GFP keratinocytes was comparable to that of non-grafted peripheral keratinocytes (Carlson et al., 1998;  Fig. 1) . Three days later, we observed that although the keratinocytes had migrated to cover the wound, and had contributed to the formation of the early AEC (as reported above), GFP dermal cells had not yet begun to migrate away from the graft towards the deviated nerve (Fig. 6F) . Thus on the third day of regeneration we observed two populations of cells that had behaved differently. The keratinocytes had migrated in a coordinated fashion towards the center of the wound, and their migration appeared to be directed towards the end of the deviated nerve. In contrast, the underlying population of dermal cells had We confirmed our in vivo observations of cell migration patterns by immunohistochemical analyses of tissue sections three days after grafting (Fig. 7) . The location of the grafted epithelial and dermal cells was visualized by anti-GFP immunohistochemistry, and the deviated nerve was visualized by anti-acetylated-tubulin immunohistochemistry. We observed that the keratinocytes had migrated to the deviated nerve at the center of the wound where there was close apposition between the nerve and the basal keratinocytes of the wound epithelium (Figs. 7A-D) . All GFP positive fibroblasts were still located at the wound margin coincident with the position where the keratinocytes had migrated away from the skin graft (Figs. 7C-F) . Although GFP positive dermal cells had not yet begun to migrate into the wound bed, they appeared to accumulate at a high density at the wound margin (Figs. 7E and F) . This may indicate an early step in the onset of fibroblast migration when dermal cells have begun to migrate toward the wound margin, but are not able to continue migrating into the space between the early wound epidermis and stump tissues, which occurs later after the AEC has formed. Although fibroblasts from the peripheral dermis were not directly involved in mediating Sp9 expression in the early regeneration epidermis, we could not rule out the possibility that fibroblasts associated with the internal tissues of the stump responded to nerve-associated signals and secondarily influenced the response of the regeneration epithelium. 
KGF/FGF7 can substitute for the nerve for the induction of Sp9 expression
Since we had determined that expression of Sp9 in the regeneration epithelium was both nerve-dependent and regeneration-specific, we were able to test whether signaling molecules present in nerves could specifically induce Sp9 expression. Any such molecule would thus be considered a candidate for the long elusive neurotrophic factor that is required for limb regeneration (Brockes, 1984; Maden, 1978; Singer, 1952) . Among the many candidates for the neurotrophic factors, the FGFs are favored candidates. We previously demonstrated that that FGF2 was expressed in axolotl nerves, and that FGF2 could rescue regeneration of denervated blastemas (Mullen et al., 1996) . In addition, injured nerves (dorsal root ganglia) in the rat express both Fgf2 and Fgf7/Kgf (Li et al., 2002) . Therefore, we hypothesized that FGF2 and FGF7/KGF would be appropriate candidates factors to test for their ability to induce expression of Sp9. To test this hypothesis, we grafted beads that had been soaked in either FGF2 or KGF (experimental), or BSA or PBS (control) into wounds without a deviated nerve, one day after injury.
KGF-soaked beads specifically induced Sp9 expression in the wound epithelium at very low growth factor concentrations (Fig. 8) . Although we detected the induction Sp9 expression in response to high concentrations of FGF2 (1 mg/ml; data not shown), we detected little or no Sp9 expression in response to beads soaked in 200 μg/ml FGF2 (Fig. 8C) . In contrast, Sp9 expression was induced at high levels in response to beads soaked in 200 μg/ml KGF (Figs. 8A and B) . We also observed induced expression of Sp9 in the keratinocytes of the skin at the wound margin in response to KGF-soaked beads (Fig. 8A) . Sp9 expression was not induced in response to either BSA or PBS soaked beads (Figs. 8E, F) . We confirmed by using RT-PCR that beads soaked in KGF induced expression of Sp9 (Fig. 9) . Although low concentrations of KGF induced high levels of Sp9 expression, implanted KGF-soaked beads did not induce ectopic blastemas to form, as would have occurred in response to a deviated nerve (not illustrated).
Kgf was expressed in axolotl nervous tissues (Fig. 10) , and therefore was an endogenous signaling molecule that specifically induced expression of Sp9 in the regeneration epidermis. In order to determine if Kgf was expressed in axolotl neurons, we cloned a portion of the axolotl ortholog of Fgf7/Kgf by RT-PCR (Genbank Accession #EU559743) and performed in situ hybridization to sections of axolotl dorsal root ganglia (DRG). We examined Kgf expression in the DRGs that extended axons into the forelimbs (Fig. 10 ). We detected a high level of Kgf expression in the cell bodies of the neurons, but not in the axons exiting the DRG (Figs. 10B and C) . We presume that KGF is translated in the DRG and transported distally to the blastema during regeneration.
Discussion
Understanding the mechanisms controlling dedifferentiation is key to understanding regeneration
It has become increasingly evident that regeneration occurs in two phases that are regulated in different ways (Bryant et al., 2002) . The second, late phase occurs after the blastema has formed, and is equivalent to limb development during which undifferentiated, multipotent cells form the limb structures. However, the first, early phase is unique to regeneration and occurs as the cells of the mature limb give rise to the blastema. It is during this early phase that cells acquire the developmental potential of the embryonic limb bud cells, which allows them to subsequently redevelop the limb. The events of the first phase are collectively referred to as dedifferentiation. Since these are the unique events of regeneration, our ability to understand regeneration is dependent on our ability to understand dedifferentiation.
Our inability to understand dedifferentiation is a consequence of our inability to deal with the complexity of tissue and cell types in the injured limb. When a limb is amputated all of the cell types respond to a multitude of signals, many of which are extraneous to successful regeneration. To reduce the complexity of the response to injury, we previously developed the Accessory Limb Model (ALM), which has lead to the identification of several necessary steps in regeneration, and to genes that are markers for these steps (Endo et al., 2004; Satoh et al., 2007) . Although the ALM is less complex than the limb amputation model, there are still multiple, poorly characterized cell types involved in the interactions leading to ectopic blastema and limb formation. This is particularly a problem when considering the role of the connective tissue fibroblasts, which are known to regulate growth and pattern formation during limb regeneration, yet may be the least well characterized cell type in the body (see Bryant et al., 2002) . In order to better understand how dedifferentiation is regulated, we have focused on a less complex cellular component of regeneration, the regeneration epithelium. By studying the origin, behavior and fate of keratinocytes, a relatively homogenous population of regeneration-competent cells, we were able to identify a signaling pathway that is regulated by nerves and is a marker for the function of the apical epidermis during limb regeneration.
Sp9 expression in limb development and regeneration
Sp9 was expressed in both developing and regenerating axolotl limbs. In developing limb buds, Sp9 was expressed in a spatial and temporal pattern that was comparable to that in limb buds of other vertebrates. It was expressed at the highest level in basal keratinocytes of the most apical epithelium, corresponding functionally to the AER of amniotes which also expresses Sp9. Similarly, Sp9 was expressed throughout limb development, was down-regulated as the limb tissues began to differentiate, and was not detected in the mature limb. Thus Sp9 expression appears to be conserved in limb buds of all vertebrates. Since the apical cap of developing amphibian limb buds is considered functionally equivalent to the AER of amniotes, expression of Sp9 is the first molecular marker for the functional domain of the apical cap of developing axolotl limbs.
Sp9 was expressed in regenerating limbs in a spatial and temporal pattern that was comparable to that in developing limb buds, as discussed above. Since Sp9 is a marker for the apical cap of embryonic limb buds, it is by definition a marker for the dedifferentiation of keratinocytes of the mature skin epidermis (Han et al., 2005) . These cells rapidly lose their connection to the underlying basal lamina and migrate to re-epithelialize the wound. Within 24 h after injury in wounds that are fated to form a blastema and regenerate a limb, they begin to express Sp9, and thus have begun to dedifferentiate to form the AEC which is functionally equivalent to the limb bud apical cap.
Formation of the regeneration epithelium is a critical, early event in limb regeneration
Although the endpoint of the dedifferentiation phase of limb regeneration is formation of a blastema that is equivalent to a limb bud, there are critical steps along the way that are required for successful regeneration. Our analysis of the regulation of Sp9 expression has revealed that the steps involved in the formation of the regeneration epithelium occur much earlier than previously appreciated. It is now also evident that dedifferentiation of keratinocytes and the formation of the regeneration epithelium (AEC) precede the migration and accumulation of blastema cells. Previously it has been considered that the regeneration epithelium is formed in two relatively discrete steps. The initial step involves keratinocytes rapidly covering the wound to form a wound epithelium (WE) that is a precursor to the AEC, and merely represents a part of the early wound healing process (Thornton, 1954) . Then, over the course of several days the early epidermis becomes functional as the AEC. Given the lack of markers for keratinocyte dedifferentiation and formation of the regeneration epithelium, the distinction between the WE and AEC has been based on the timing of regeneration. Thus the AEC has been defined as forming at around the early bud stage of regeneration when blastema cell accumulation is first observed (Christensen and Tassava, 2000) , a stage of regeneration that takes 5 to 15 days depending on the size of the animal.
In recent years, with the availability of molecular markers for regeneration, it has become clear that the commitment to the pathway leading to limb regeneration occurs much earlier than previously assumed based on morphological data. Expression of both Hoxa-9 and Hoxa-13 is induced in the distal stump tissues at the amputation plane within 24 to 48 h after injury (Gardiner et al., 1995) . Induction of expression is dependent on formation of the regeneration epithelium, and if mature skin is grafted over the stump to prevent its formation, expression is inhibited. Similarly, Msx-2 expression is induced in the stump cells beneath the wound epithelium within 24 h, but not when full-thickness skin is grafted over the wound (Carlson et al., 1998) . Such data have supported the hypothesis that molecular events associated with formation of the regeneration epithelium precede the regenerative responses of the underlying stump cells, since these responses fail to occur if formation of the regeneration epithelium is inhibited. We now have direct evidence that regeneration-specific changes in gene expression in the regeneration epithelium (induction of Sp9 expression) occur within the first 24 h after injury in wounds fated to form a blastema.
It also appears that formation of the AEC occurs much earlier than previously appreciated. Sp9 expression was induced within hours after closure of the wound, and initially occurred in all keratinocytes of the epithelium that had already formed multiple layers of cells by 24 h post injury. By the third day of regeneration, Sp9 expression was largely restricted to the layer of basal keratinocytes, which was the pattern of expression that persisted throughout the remainder of regeneration. Therefore we conclude that the AEC forms within the first three days of regeneration, and that from that point on it functions to support limb outgrowth and pattern formation. Although it is unclear at what point the regeneration epithelium acquires specific functions, at the earliest stage (classically referred to as the wound epithelium) it already expresses Sp9, and continues to do so throughout all of regeneration.
There does appear to be an early epithelium formed that corresponds to the WE as originally proposed by Thornton (1954) . This epithelium forms in wounds that have not been induced by a deviated nerve to generate a blastema, and does not express Sp9 at any time point following injury. The epithelium that covers blastemaforming wounds also does not express Sp9 initially; however, expression is detected within 24 h, and by 3 days Sp9 expression is characteristic of the AEC. It is unclear whether the regeneration and non-regeneration wound epithelia are the same or different during the first 24 h after injury. However, use of the term wound epithelium (WE) should be restricted to the first 24 h of regeneration if it is to be used at all. We prefer to use the term regeneration epithelium (RE) that identifies the epithelium formed in response to the regenerationinducing nerve signal resulting in the expression of Sp9. The RE is formed very early in regeneration, and thus can mediate the function of the nerve in regulating the response of the underlying stump cells.
The regeneration epithelium is the target of nerve signaling (the neurotrophic factor)
Regeneration of urodele limbs is dependent upon an adequate nerve supply (Brockes, 1984; Kumar et al., 2007; Singer, 1952) .
Similarly, the induction of ectopic blastemas and ectopic limbs is nerve-dependent (Endo et al., 2004) . Although most studies have focused on the effects of the NTF on the proliferation of blastema mesenchyme cells (Brockes, 1984; Mescher, 1996) it is possible that in vivo, the NTF could be targeting the RE, which then signals to the stump and blastema cells. By this view, the NTF targets mesenchymal cells indirectly via the RE. We interpret our findings with regards to the regulation of Sp9 expression to be consistent with this hypothesis.
The nerve and the RE appear to have similar functions in that inhibition of the function of either results in the same phenotype, regenerative failure. If, as we hypothesize, they are coordinately regulating regeneration of the mesenchymal target cells, then they presumably are physically close enough to interact. As noted during the original studies of the function of the AEC, it is "richly innervated" (Singer, 1949; Thornton, 1956) . We have confirmed the early observations, and are struck by the extent to which the RE is hyper-innervated (Fig. 5) , implying that the RE signals to the regenerating nerve fibers, and stimulates outgrowth leading to hyper-innervation. At the end of regeneration, the pattern of innervation is remodeled to the normally low degree of innervation of the mature skin epidermis, again implying mutual and reciprocal signaling between nerves and the epidermis. Thus the spatial and temporal patterns of the physical interaction between nerves and the RE are tightly correlated with the initiation, progression and termination of regeneration.
In addition to physically interacting with the RE, nerves also target the RE at the molecular level as evidenced by the regulation of Sp9 expression. Although comparable functional studies have not been carried out in the axolotl, studies in chick, mouse, and zebrafish have identified a highly conserved function of Sp9 in the regulation of limb bud outgrowth through its downstream target, Fgf-8. Given the highly conserved function in these other species, and the conserved amino acid sequence of Sp9 and expression patterns in the axolotl, we assume that axolotl Sp9 functions to regulate limb outgrowth during development and regeneration. Therefore, it appears that the nerve induces the outgrowth promoting function of the RE by inducing the expression of Sp9. Consequently, denervation results in the failure of the RE to express Sp9, and thus the RE fails to support regeneration.
Assuming that the functional target of nerves is the RE suggests that a likely candidate for the NTF is a member of the FGF family of growth factors. Although several candidate molecules have been identified as the NTF; including NGF, substance P, transferrin and FGFs (Mescher, 1996) ; there are several lines of evidence that identity FGFs as the most likely candidates. FGFs function in the AER to regulate limb outgrowth during development, and the apical cap of axolotl limb buds and the RE/AEC of regenerating limbs are considered to be functionally equivalent to the AER (Christensen and Tassava, 2000) . The conserved expression pattern of Sp9, which regulates its down stream target Fgf-8, argues that Sp9 regulation is critical for the functioning of the RE. From functional genetic studies, Sp9 is regulated by FGF signaling (FGF10), thus establishing an FGF10-FGF8 feedback loop that allows for limb bud outgrowth (Kawakami et al., 2004) . Finally, there is direct evidence for a regulatory role of FGF signaling in limb regeneration. FGFs and their receptors are expressed in regenerating blastemas (Christensen et al., 2001 (Christensen et al., , 2002 Endo et al., 2000; Han et al., 2001; Mullen et al., 1996; Poulin and Chiu, 1995; Poulin et al., 1993; Suzuki et al., 2005; Suzuki et al., 2006; Yokoyama et al., 2000) . Of particular relevance to our findings is the observation that Fgfr1 is expressed in blastema mesenchymal cells but not in keratinocytes. In contrast, expression of Fgfr2-IIIb, also called KGFR, is restricted to the basal keratinocytes of the blastema epithelium. Finally, exogenous delivery of FGF2 rescued regeneration of blastemas that had been denervated (Mullen et al., 1996) , suggesting that FGF signaling could at least partially substitute for the function of the nerve. Collectively, these data support the hypothesis that an FGF feedback loop functions during limb regeneration as it does during limb development.
Among the FGF family of growth factors, FGF7/KGF is a likely candidate to regulate Sp9 expression in the RE. KGF and FGF10 can induce AER formation in the chick wing bud, as well as on the flank and the dorsal midline (Yonei-Tamura et al., 1999) , and FGF10 is an upstream regulator of Sp9. In addition, the receptor for KGF is expressed in the basal keratinocytes (Poulin et al., 1993) that are the cells induced to express Sp9 in the RE during axolotl limb regeneration. Therefore the receptor for KGF is expressed in the right place at the right time. Finally, dorsal root ganglia (DRG) can substitute for the nerve and can rescue regeneration of denervated blastemas (Goldhamer et al., 1992; Tomlinson and Tassava, 1987) . Therefore DRGs are a source of the NTF, and in the rat, injured DRGs express both Fgf2 and Fgf7/Kgf (Li et al., 2002) . For these reasons, we tested the ability of KGF to replace the function of a deviated nerve in the induction of Sp9 expression.
Based on our findings that KGF does in fact induce Sp9 expression in the RE, and that it is synthesized in axolotl DRGs associated with the injured nerves of the limb, we propose the following model for the Fig. 11 . Model for the nerve-dependent regulation of Sp9 expression during formation of the early regeneration epithelium. In the absence of signals from the nerve (A), MMP-9 expression is induced, but is down-regulated within 24 h; whereas, Sp9 expression is not induced. The nerve functions to induce the regeneration epithelium (B) in which Sp9 expression is induced within 24 h and becomes localized to the basal keratinocytes after the third day of regeneration. The Sp9 expressing basal keratinocytes, in conjunction with the nerve, then signal to the dermal fibroblasts at the wound margin to induce dedifferentiation and migration to form the blastema. MMP-9 expression is sustained beyond 24 h, but is down-regulated by the third day, coincident with the localization of Sp9 expression to the basal keratinocytes of the regeneration epithelium. FGF2 is a weak inducer of Sp9 expression, and may function in concert with KGF by targeting fibroblasts in the dermis at the margin of the wound.
induction of the early steps in limb regeneration (Fig. 11) . The nerve is a source of KGF that targets the newly formed, overlying epithelium. The keratinocytes in the vicinity of the end of the nerve, which is the initial source of KGF signaling, are induced to express Sp9 within 24 h after injury, which may be the initial step in the induction of the functional RE. It is possible that there is an earlier event that establishes the RE as distinct from the non-regeneration epithelium; however, we assume that as with the induction of Sp9 expression, it would be nerve-dependent. Keratinocytes that do not receive an early KGF signal fail to express Sp9, and go on to form a non-regeneration epithelium and limb regeneration does not occur.
KGF does not appear to be sufficient to substitute for the activity of the nerve in blastema genesis since KGF-soaked beads did not induce an ectopic blastema. It is seems unlikely that this negative result is a consequence of having used heterologous KGF since mammalian KGF can bind to the newt KGF receptor (Patrie et al., 1995) . In a previous study we determined that FGF2 was expressed in nerves and the RE, and heterologous FGF2 could rescue regeneration of denervated axolotl blastemas (Mullen et al., 1996) . Therefore it is possible that there are factors, such as FGF2, that act in concert with KGF to induce and maintain limb regeneration (Fig.  11) . If the nerve is multifunctional, then one important function is the induction of Sp9 in the RE. Since the failure of KGF beads to induce an ectopic blastema is a negative result, it is also possible that KGF could be sufficient to induce regeneration if the dose and timing of delivery and release into the wound were optimized.
Finally, we note that a different model of the molecular basis for the communication between nerves and regenerating limb tissues has recently been proposed (Kumar et al., 2007) . This model hypothesizes a functional relationship between the nerve, the RE and blastema cells that is mediated by nAG, a newt anterior gradient protein family member. It is unclear what the relationship is between this nAG-mediated signaling, and the very early neurotrophic signaling we have reported here that is linked to the induction of the RE, dedifferentiation and early blastema formation. nAG expression is nerve-dependent and is detected in Schwann cells, but not nerves, five days after amputation. Five days later (10 days after amputation), nAG protein is detected in glands associated with the blastema epithelium, but not in keratinocytes of the RE. Based on the temporal separation of these two sets of findings, it is possible that the later events are a downstream consequence of the early KGF/Sp9 signaling.
In summary, we found that Sp9 expression was nerve-dependent and restricted to the epithelium of wounds that were fated to form a regeneration blastema. This was in contrast to MMP-9, which was expressed in both limb forming and non-limb forming wounds (Satoh et al., 2007) . We therefore have identified two early woundhealing pathways that share a common, nerve-independent initiation step identified by the induced expression of MMP-9. One pathway is nerve-independent, does not involve Sp9 expression, and leads to healing of the wound and regeneration of the skin. In contrast, there is a divergent limb regeneration pathway that is nerve-dependent and involves dedifferentiation of keratinocytes as evidenced by expression of the embryonic gene, Sp9. Given that nerve-dependent dedifferentiation of the keratinocytes of the RE precedes the migration and dedifferentiation of the progenitors of the blastema mesenchymal cells, the induction of Sp9 expression by the NTF is one of the earliest critical regulatory events in limb regeneration.
Having identified the Sp9 pathway as a target of nerve signaling, we were able to identity a nerve associated growth factor (FGF7/ KGF) that induces Sp9 expression in vivo. We hypothesize that there is a direct interaction between the nerve and the RE that induces keratinocyte dedifferentiation leading to formation of the RE. Keratinocyte dedifferentiation is required for successful limb regeneration because the subsequent neurotrophic effects on the blastema mesenchymal cells are in large part mediated by the newly formed RE. Finally, we note that there are no reports about the induction of Sp9 expression (or the closely related gene Sp8) in mammalian keratinocytes during wound healing. It may be the case that mammalian keratinocytes typically do not dedifferentiate in response to neurotrophic signaling and do not express Sp9. Therefore the regulation of Sp9 expression is a potential target for therapeutic intervention to induce limb regeneration in humans.
